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Abstract
Purpose To assess hepatic de novo lipogenesis and
mitochondrial energetics as well as whole-body energy
homeostasis in sedentary rats fed a fructose-rich diet.
Methods Male rats of 90 days of age were fed a high-
fructose or control diet for 8 weeks. Body composition,
energy balance, oxygen consumption, carbon dioxide
production, non-protein respiratory quotient, de novo
lipogenesis and insulin resistance were measured. Deter-
mination of specific activity of hepatic enzymes of de novo
lipogenesis, mitochondrial mass, oxidative capacity and
degree of coupling, together with parameters of oxidative
stress and antioxidant defence, was also carried out.
Results Body energy and lipid content as well as plasma
insulin and non-esterified fatty acids were significantly
higher in fructose-fed than in control rats. Significantly
higher rates of net de novo lipogenesis and activities of
hepatic lipogenic enzymes fatty acid synthase and stearoyl
CoA desaturase-1 were found in fructose-fed rats compared
to controls. Mitochondrial protein mass and degree of cou-
pling were significantly higher in fructose-fed rats compared
to controls. Hepatic mitochondria showed oxidative dam-
age, both in the lipid and in the protein component, together
with decreased activity of antioxidant defence.
Conclusion Liver mitochondrial compartment is highly
affected by fructose feeding. The increased mitochondrial
efficiency allows liver cells to burn less substrates to pro-
duce ATP for de novo lipogenesis and gluconeogenesis.
In addition, increased lipogenesis gives rise to whole body
and ectopic lipid deposition, and higher mitochondrial
coupling causes mitochondrial oxidative stress.
Keywords Mitochondrial uncoupling  Insulin resistance 
Body lipids  De novo lipogenesis
Introduction
Obesity is a major public health problem that is obviously
multifactorial, even if diet composition plays a major role.
Fructose, present in small amount in many fruits, is now
consumed by humans in large quantities due to the popu-
larity of convenient, prepackaged foods and the con-
sumption of soft drinks and juice beverages containing
sucrose or high-fructose corn syrup (HFCS) [1–3]. HFCS
can be produced with various fructose-to-glucose ratio,
with the most commonly used being HFCS-55, containing
55 % fructose and 45 % glucose, that is, a fructose-to-
glucose ratio close to the 1:1 ratio found in sucrose.
Interestingly, the approximate 25 % increase in per capita
fructose consumption over the past 30 years in the United
States coincides closely with the increase in the prevalence
of obesity [1–3]. Reports also suggest that the increasing
intake of soft drinks is associated with an increase in the
risk of diabetes, cardiometabolic disease and gout, as well
as with lipid disturbances [4]. However, in humans, it is
difficult to assess the contribution of fructose intake alone
to the development of the above metabolic disorders, since
in everyday life, additional factors, such as hypercaloric
diet rich in saturated fat and low physical activity, are
involved.
Animal models could help to shed light on the question
of whether dietary fructose per se leads to excessive lipid
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depots and correlated metabolic diseases. We therefore
assessed the impact of long-term, high-fructose, low-fat
diet on whole-body energy homeostasis in sedentary rats.
To this end, we measured body composition, energy bal-
ance, oxygen consumption (VO2), carbon dioxide produc-
tion (VCO2), non-protein respiratory quotient (NPRQ) and
de novo lipogenesis in adult rats fed a high-fructose diet for
8 weeks. Since fructose is mainly metabolised by the liver,
the major site of de novo lipogenesis, whole-body mea-
surements were associated with analysis of the activity of
hepatic markers of this metabolic pathway.
We have previously shown that long-term high fat
feeding in adult rats is associated with ectopic fat storage
and alterations in mitochondrial compartment in the liver
[5], in agreement with the emerging idea that mitochon-
drial dysfunction can lead to the development of metabolic
diseases, such as obesity, type 2 diabetes mellitus and non-
alcoholic steatohepatitis [6–8]. Therefore, we decided to
investigate whether high fructose feeding, in analogy with
high fat feeding, is associated with hepatic mitochondrial
derangement, by measuring mitochondrial mass, oxidative
capacity and degree of coupling, together with parameters
of oxidative stress and antioxidant defence.
Research methods and procedures
Male Sprague–Dawley rats (Charles River, Italy) of
90 days of age were caged singly in a temperature-con-
trolled room (23 ± 1 C) with a 12-h light/dark cycle
(06.30–18.30) and divided in three groups. One group of
rats was killed at the beginning of the dietary treatment and
used for the determination of initial body energy and lipid
content. The other two groups of rats were fed a high
fructose or control diet (Mucedola 4RF21; Settimo Mila-
nese, Milan, Italy) for 8 weeks. The composition of the two
diets is shown in Table 1. Treatment, housing and killing
of animals met the guidelines set by the Italian Health
Ministry. All experimental procedures involving animals
were approved by ‘‘Comitato Etico-Sientifico per la Sper-
imentazione Animale’’ of the University ‘‘Federico II’’ of
Naples.
At the end of the experimental period, the animals were
killed by decapitation, the liver harvested, and the car-
casses used for body composition determination.
Twenty-four-hour VO2, VCO2, urinary nitrogen
and NPRQ
Twenty-four-hour VO2, VCO2, urinary nitrogen and NPRQ
were measured at 0, 2, 4, 6 and 8 weeks point; 24-h VO2
and VCO2 of the rats were recorded with a four-chamber
indirect open-circuit calorimeter (Panlab s.r.l., Cornella,
Barcelona, Spain). Measurements were taken every 15 min
for 3 min in each cage. Urine was collected for the whole
(24-h) period, and urinary nitrogen levels were measured by
an enzymatic colorimetric method (FAR S.r.l., Settimo di
Pescantina, Verona, Italy); 24-h NPRQ was then calculated.
Fat balance was calculated from NPRQ by using tabulated
values [9], and then, rates of net whole-body de novo
lipogenesis were obtained by applying the formula [10]:
net de novo lipogenesis ðg=dayÞ ¼ fat balance  fat intake:
Daily energy expenditure was calculated from VO2, VCO2
and urinary nitrogen according to [11] using the equation:
Energy expenditure ¼ 1:1 VCO2 þ 3:91VO2  1:93N:
Plasma glucose, insulin and non-esterified fatty acids
Rats were fasted for 6 h from 09.00. Samples were
obtained from venous blood from a small tail clip and
centrifuged at 1,4009gav for 8 min at 4 C. Plasma was
removed and stored at -20 C. Plasma glucose and non-
esterified fatty acids (NEFA) concentration were measured
by colorimetric enzymatic method (Pokler Italia, Genova,
Italy for glucose and Randox Laboratories ltd., Crumlin,
United Kingdom for NEFA). Plasma insulin concentration
was measured using an ELISA kit (Mercodia AB, Uppsala,
Table 1 Composition of experimental diets
Control
diet
Fructose
diet
Component (g/100 g)
Standard chow 100.0 50.5
Sunflower oil 1.5
Casein 9.2
Alphacel 9.8
Fructose 20.4
Water 6.4
AIN-76 mineral mix 1.6
AIN-76 vitamin mix 0.4
Choline 0.1
Methionine 0.1
Gross energy density (kJ/g) 17.2 17.2
Metabolisable energy density (kJ/g)a 11.1 11.1
Protein (% metabolisable energy) 29.0 29.0
Lipids (% metabolisable energy) 10.6 10.6
Carbohydrates (% metabolisable energy) 60.4 60.4
Of which
Fructose – 30.0
Starch 45.3 22.8
Sugars 15.1 7.6
a Estimated by computation using values (kJ/g) for energy content as
follows: protein 16.736, lipid 37.656, and carbohydrate 16.736
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Sweden) in a single assay to remove inter-assay variations.
HOMA index was calculated as (Glucose (mg/dL) 9
Insulin (mU/L))/405 [12].
Energy balance and body and liver composition
Guts were cleaned of undigested food, and the carcasses
were then autoclaved. After dilution (1:2 distilled water) and
subsequent homogenisation of the carcasses with a Polytron
homogeniser (Kinematica, Luzern, Switzerland), duplicate
samples of the homogenised carcass were analysed for
energy content by bomb calorimetry. To take into account
the energy content of the liver, tissue samples were dried and
the energy content was then measured with the bomb calo-
rimeter. Total body and hepatic fat content were measured
by the Folch extraction method [13]. Total body water
content was determined by drying carcass samples in an
oven at 70 C for 48 h. Total body protein content was
determined using a formula relating total energy value of the
carcass, energy derived from fat and energy derived from
protein [14]; the caloric values for body fat and protein were
taken as 39.2 and 23.5 kJ/g, respectively [15]. Liver glyco-
gen content was assessed by direct enzymatic procedure
[16]. Energy balance measurements were taken by the
comparative carcass technique over the experimental period,
as detailed previously [17]. Briefly, during the experimental
period, metabolisable energy (ME) intake was determined
by subtracting the energy measured in faeces and urine from
the gross energy intake, determined from daily food con-
sumption and gross energy density of the diet. Body energy
and fat gain were calculated as the difference between the
final and initial content of body energy and fat. Energetic
efficiency was calculated as the percentage of body energy
retained per ME intake, efficiency of lipid deposition was
calculated as the percentage of energy gained as body lipids
per ME intake, and energy expenditure was determined as
the difference between ME intake and energy gain.
Stearoyl CoA desaturase and fatty acid synthase
activity
Stearoyl CoA desaturase (SCD1) activity was measured
polarographically in liver homogenates at 37 C in a solu-
tion containing 0.1 M K2HPO4, pH 7.4, 1 lM myxothiazol,
0.12 mM NADH and 0.06 mM stearoyl CoA as cyanide
(5 mM)-sensitive [18], and myxothiazol-insensitive oxygen
consumption. Fatty acid synthase (FAS) activity was mea-
sured in liver homogenates according to [19].
Liver homogenate and isolated mitochondria
Liver homogenates and isolated mitochondria were pre-
pared as previously reported [17]. Control experiments of
enzymatic and electron microscopy characterisation have
shown that our isolation procedure (centrifugation at
3,0009gav for 10 min) results in a cellular fraction, which
is constituted essentially by mitochondria.
Mitochondrial respiration, degree of coupling
and uncoupling effect of fatty acids
Oxygen consumption was measured polarographically with
a Clark-type electrode (Yellow Springs Instruments, Yel-
low Springs, OH, USA) at 30 C. Samples of homogenates
or isolated mitochondria were incubated in a medium
containing 80 mM KCl, 50 mM HEPES, 5 mM K2HPO4,
1 mM EGTA, 0.1 % (w/v) fatty acid-free BSA, pH 7.0.
The substrate used was 10 mM succinate ? 3.8 lM rote-
none, 10 mM glutamate ? 2.5 mM malate, 40 lM palmi-
toyl-coenzyme A ? 2 mM carnitine ? 2.5 mM malate,
40 lM palmitoyl-carnitine ? 2.5 mM malate, or 10 mM
pyruvate ? 2.5 mM malate. State 3 oxygen consumption
was measured in the presence of 0.3 mM ADP.
The degree of thermodynamic coupling, q, was deter-
mined in liver mitochondria by applying equation 11 by
Cairns et al. [20]: q ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1  ðJoÞsh=ðJoÞunc
p
, where (Jo)sh
represents the oxygen consumption rate in the presence of
oligomycin that inhibits ATP synthase, and (Jo)unc is the
uncoupled rate of oxygen consumption induced by FCCP,
which dissipates the transmitochondrial proton gradient.
(Jo)sh and (Jo)unc were measured as above using succinate
(10 mM) ? rotenone (3.75 lM) in the presence of oligo-
mycin (2 lg/mL) or FCCP (1 lM), respectively, both in
the absence and in the presence of palmitate at a concen-
tration of 45 lM.
Uncoupling effect of fatty acids was assessed by mea-
suring mitochondrial membrane potential before and after
addition of increasing concentration of the fatty acid pal-
mitate. Mitochondrial membrane potential recordings were
performed with safranin O using a JASCO dual-wavelength
spectrophotometer (511–533 nm). Measurements were
taken at 30 C in a medium containing 80 mM LiCl, 50 mM
HEPES, 1 mM EGTA, 50 mM Tris-PO4, pH 7.0, 0.1 % (w/v)
fatty acid-free BSA, in the presence of succinate (10 mM),
rotenone (3.75 lM), oligomycin (2 lg/mL), safranin O
(83.3 nmol/mg), both in the absence and after the addition of
15, 30 and 45 lM palmitate. The absorbance readings were
transformed into mV membrane potential using the Nernst
equation: Dw = 61 mV log ([K?]in/[K
?]out). Calibration
curves made for each preparation were obtained from traces
in which the extramitochondrial K? level ([K?]out) was
altered in the 0.1–20 mM range. The change in absorbance
caused by the addition of 3 lM valinomycin was plotted
against [K?]out. Then, [K
?]in was estimated by extrapolation
of the line to the zero uptake point.
Eur J Nutr (2013) 52:537–545 539
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Mitochondrial protein mass
Mitochondrial mass was evaluated by Western blot anal-
ysis of cytochrome c as described previously [21], as well
as by measuring polarographically [22] the activity of a
mitochondrial marker enzyme, cytochrome oxidase (COX),
in liver homogenate and isolated mitochondria, and by
evaluating mitochondrial protein yield as mg of isolated
protein per g of starting wet tissue.
Mitochondrial lipid peroxidation, aconitase
and superoxide dismutase (SOD) specific activity
Lipid peroxidation was determined according to Fernandes
et al. [23]. Aconitase specific activity was measured
spectrophotometrically by the method of Gardner [24],
while SOD specific activity was measured according to
Flohe` and Otting [25].
Statistical analysis
Data are given as means ± SEM. Statistical comparisons
were performed by the two-tailed unpaired Student’s t test,
two-way ANOVA for main effects and interaction fol-
lowed by Bonferroni post-test or linear regression analysis.
Probability values less than 0.05 were considered to indi-
cate a significant difference. All analyses were performed
using GraphPad Prism 4 (GraphPad Software, San Diego,
CA, USA).
Materials
All chemicals used were of analytical grade and were
purchased from Sigma (St. Louis, MO, USA).
Results
Body composition measurements taken at the end of
8 weeks of dietary treatment show that body energy
(?11 %) and lipid (?20.5 %) content were significantly
higher, while body water content was significantly lower
(-4 %), in fructose-fed than in control rats (Table 2). No
variation was found in final body weight, as well as in body
protein content. Liver lipid (?13 %) and glycogen content
(?20 %), as well as plasma NEFA (?30 %) and insulin
(?42 %) and HOMA index (?48 %), were significantly
higher in fructose-fed rats compared to controls. As for
energy balance measurements (Table 3), energy gain
(?90 %), energetic efficiency (?113 %) and efficiency of
lipid deposition (?110 %) were found to be significantly
higher in fructose-fed than in control rats, while no sig-
nificant variation was found in energy expenditure.
The 24-h energy expenditure measurements, taken at 0,
2, 4, 6 and 8 weeks of dietary treatment (Fig. 1a), as well
as area under the curve of 24-h energy expenditure over the
whole experimental period (Fig. 1b), show no significant
variation due to fructose feeding, although values of fruc-
tose-fed rats were slightly lower. Significantly higher mean
24-h NPRQ values and rates of net de novo lipogenesis
were found in fructose-fed rats as from the second week of
treatment (Fig. 1c). Finally, significantly higher activities
of hepatic lipogenic enzymes FAS and SCD-1 were found
at the end of the dietary treatment in fructose-fed rats
compared to controls (Fig. 1d).
Mitochondrial state 3 respiratory capacities were
assessed in liver homogenate to take into account changes
in mass and capacity of mitochondria (Fig. 2a) and were
found significantly higher with all the substrates in fruc-
tose-fed rats compared to controls, while no variation was
found when mitochondrial capacity was measured in iso-
lated organelles (Fig. 2b).
Table 2 Body composition and glucose homeostasis in rats fed a
high-fructose or control diet for 8 weeks
Control Fructose
Final body weight (g) 527 ± 31 528 ± 32
Body energy (kJ) 8.9 ± 0.3 9.9 ± 0.3*
Body lipids (%) 12.2 ± 0.5 14.7 ± 0.5*
Body proteins (%) 17.4 ± 1.0 17.8 ± 0.4
Body water (%) 63.7 ± 0.6 61.4 ± 0.6*
Hepatic lipids (mg/g) 47.0 ± 1.3 53.3 ± 1.6*
Hepatic glycogen (mg/g) 25.3 ± 1.2 30.3 ± 1.1*
Plasma insulin (lg/L) 2.27 ± 0.21 3.23 ± 0.12*
Plasma glucose (mg/dL) 97.8 ± 3.2 101.7 ± 2.5
HOMA index 15.7 ± 1.1 23.2 ± 1.3*
Plasma NEFA (mM) 0.47 ± 0.02 0.61 ± 0.02*
Values are the means ± SEM of 6 different experiments
NEFA non-esterified fatty acids
* P \ 0.05 compared to controls (two-tailed unpaired Student’s t test)
Table 3 Energy balance in rats fed a high-fructose or control diet for
8 weeks
Control Fructose
ME intake (kJ) 20,601 ± 1,144 20,394 ± 403
Energy gain (kJ) 545 ± 31 1,038 ± 123*
Energy expenditure (kJ) 20,156 ± 880 19,256 ± 517
Energetic efficiency (%) 2.3 ± 0.2 4.9 ± 0.6*
Efficiency of lipid deposition (%) 2.0 ± 0.1 4.2 ± 0.1*
Values are the means ± SEM of 6 different experiments. * P \ 0.05
compared to controls (two-tailed unpaired Student’s t test)
Energetic efficiency = (energy gain/ME intake) 9 100; efficiency of
lipid deposition = (lipid gain/ME intake) 9 100
540 Eur J Nutr (2013) 52:537–545
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Mitochondrial protein mass was assessed by (1) mea-
suring homogenate cytochrome c content, (2) measuring
the activity of a mitochondrial marker enzyme COX in
liver homogenates and in isolated mitochondria and (3)
evaluating the mitochondrial yield. The results are reported
in Fig. 2c and show that cytochrome c/actin ratio was
significantly higher in fructose-fed rats compared to con-
trols. In agreement, COX activity was significantly higher
in liver homogenates from fructose-fed rats compared to
controls, while no variation was found in COX specific
activity measured in isolated mitochondria. As a conse-
quence, mitochondrial protein mass, calculated from the
ratio between activity in the homogenate and activity in
isolated mitochondria, was significantly higher in fructose-
fed rats compared to controls. Finally, mitochondrial yield
was significantly higher in fructose-fed rats compared to
controls.
Lipid peroxidation, aconitase and SOD specific activity
were measured and taken as an index of cellular oxidative
damage and antioxidant defences, respectively (Table 4).
A significant decrease in active/total aconitase activity ratio
and SOD specific activity was found in fructose-fed rats,
compared to controls, while lipid peroxidation was found
to be significantly higher.
Mitochondrial energetic efficiency was assessed by
determining the degree of thermodynamic coupling, q, and
the uncoupling effect of fatty acids. Significantly lower
values of respiration in the presence of oligomycin, both in
the absence and in the presence of palmitate, were found in
fructose-fed rats (Fig. 3b), while respiration uncoupled by
FCCP was not affected (Fig. 3c), so that values of ther-
modynamic coupling, q, were significantly higher in fruc-
tose-fed rats compared to controls, both in the absence and
in the presence of palmitate (Fig. 3a). In addition, liver
mitochondria from fructose-fed rats were less responsive to
the uncoupling effect of fatty acids, since mitochondrial
membrane potential in state 4 conditions was found to be
significantly higher in fructose-fed rats compared to con-
trols, both in the absence and in the presence of increasing
concentrations of fatty acid palmitate (Fig. 3d), even after
taking into account a 30 % increase in cellular fatty acid
concentration.
Discussion
Increasingly worldwide fructose and sucrose consumption
has drawn the attention on the metabolic effects of fruc-
tose, particularly regarding obesity development. Animal
models have been considered helpful in establishing the
impact of high fructose intake on obesity epidemic. Our
present results give evidence that long-term high fructose
intake in adult, sedentary rats induces not only metabolic
derangements typical of human obesity, such as ectopic
lipid deposition and altered hepatic insulin sensitivity, but
also alteration in hepatic mitochondrial energetics.
Fig. 1 Time course of 24-h
energy expenditure (a), as well
as area under the curve (AUC)
of 24-h energy expenditure (b),
time course of mean 24-h
NPRQ and net de novo
lipogenesis (c), and hepatic
SCD-1 and FAS specific
activity (d) in fructose-fed or
control rats. Results are the
means ± SEM of six different
experiments. *P \ 0.05
compared to controls (unpaired,
two-tailed Student’s t test for
SCD-1 and FAS activity, or
two-way ANOVA for main
effects and interaction followed
by Bonferroni post-test for
NPRQ and de novo lipogenesis)
Eur J Nutr (2013) 52:537–545 541
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As for body composition, fructose-fed rats exhibited
higher body energy and lipid content, compared to con-
trols, despite the similar ME intake during the whole per-
iod, a result similar to our previous ones obtained in rats
fed high-fat diet [5, 26]. In addition, fructose feeding did
not alter body protein content, indicating that high-fat diets
are more deleterious, since they are also responsible for an
impairment in lean tissue maintenance [26], although the
protein content of the high-fat, the low-fat and the fructose-
rich diet was the same.
Fig. 2 Hepatic mitochondrial
respiration in homogenates
(a) and isolated mitochondria
(b), as well as mitochondrial
mass (c) in fructose-fed and
control rats. Results are the
means ± SEM of six different
experiments. COX cytochrome
oxidase. Mitochondrial COX is
expressed as lg atoms
O/min 9 mg protein,
homogenate COX is expressed
as lg atoms O/min 9 g tissue,
mitochondrial proteins and yield
are expressed as mg/g tissue.
*P \ 0.05 compared to controls
(unpaired, two-tailed Student’s
t test)
542 Eur J Nutr (2013) 52:537–545
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Fructose-fed rats also exhibited a significant increase in
net de novo lipogenesis, which is induced early by fructose
feeding, being evident since from the second week, and is
maintained throughout the experimental period. Therefore,
it appears that the substitution of complex carbohydrates
with the simple sugar fructose makes the low-fat diet more
lipogenic. In addition, the stimulation of net de novo
lipogenesis appears to be one of the main causes leading to
excess lipid accumulation in fructose-fed rats. An increased
de novo lipogenesis has also been found in rats and humans
after long-term fructose feeding [27–29], and therefore, our
animal model appears to be useful in studying the meta-
bolic effects of fructose. In addition, the increased de novo
lipogenesis, that is a very costly process, could partly
explain the high thermic effect of fructose [30].
Another important result of this study is that fructose-
fed rats exhibited significantly higher plasma NEFA and
hepatic lipid content. Therefore, a low-fat, fructose-rich
diet is able to induce metabolic effects similar to those
found following high fat feeding [5, 26]. However, in high-
fat-fed rats, the increase in hepatic lipid content (?77 %)
was higher than that found in body lipid content (?45 %)
[5], while in fructose-fed rats, the increase in hepatic lipid
content (?13 %) is similar to that found in body lipids
(?20 %). Our present data are similar to those previously
obtained in rats and humans [31–33]. Hepatic tissue from
fructose-fed rats also exhibited higher glycogen content,
which could be due to increased gluconeogenesis.
Accordingly, the higher HOMA index here found in fruc-
tose-fed rats may be indicative of resistance to insulin,
already found by others [27, 31], with a following inability
to suppress gluconeogenesis. Similar pattern of altered
glycogen storage has been found already after 2 weeks of
fructose feeding [29].
Liver is the main tissue involved in fructose handling
and de novo lipogenesis [34], and therefore, we were also
interested in investigating its role in the metabolic response
to a fructose-rich diet. We firstly assessed the activity of
Table 4 Lipid peroxidation, aconitase and superoxide dismutase
specific activity in liver mitochondria from rats fed a high-fructose or
control diet for 8 weeks
Control Fructose
Lipid peroxidation
(nmol of TBARS/mg protein)
0.79 ± 0.05 0.98 ± 0.05*
Active aconitase (mU/mg protein) 14.3 ± 0.6 12.1 ± 0.7*
Total aconitase (mU/mg protein) 33.0 ± 1.8 34.4 ± 1.8
Active aconitase/total aconitase 0.44 ± 0.01 0.37 ± 0.02*
SOD (U/mg protein) 29.6 ± 0.9 24.3 ± 1.4*
Values are the means ± SEM of 6 different experiments
TBARS thiobarbituric acid reactive substances, SOD superoxide
dismutase
* P \ 0.05 compared to controls (two-tailed unpaired Student’s t test)
Fig. 3 Degree of coupling values calculated from oxygen consump-
tion in the presence of oligomycin and uncoupled by FCCP (a),
oxygen consumption in the presence of oligomycin (b) or uncoupled
by FCCP (c), and membrane potential in state 4 conditions (d) in the
absence and in the presence of palmitate in hepatic mitochondria from
fructose-fed and control rats. In d, fructose corrected bars represent
mitochondrial membrane potential values, which were calculated by
interpolation of linear regression line of fructose-fed rats considering
a 30 % increase in cellular fatty acid concentrations. Results are the
means ± SEM of six different experiments. *P \ 0.05 compared to
controls (two-way ANOVA for main effects and interaction followed
by Bonferroni post-test). Linear regression lines in d have signifi-
cantly different intercept values (P \ 0.0001)
Eur J Nutr (2013) 52:537–545 543
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two rate-limiting enzymes in the hepatic pathway of de
novo lipogenesis, FAS and SCD-1, and we found that both
activities were significantly increased by fructose feeding.
This increase could be due to the hyperinsulinaemic con-
dition of fructose-fed rats, since insulin is able to stimulate
the pathway of de novo lipogenesis, even in conditions of
hepatic insulin resistance [35, 36]. The increased hepatic de
novo lipogenesis could contribute to higher body lipid
deposition found in response to increased fructose intake,
through secretion of neosynthesised lipids into the blood-
stream and their deposition in the adipose tissue, and it
could also explain ectopic lipid deposition in the liver.
We also assessed whether mitochondrial alterations
could be evident in rats fed a fructose-rich diet, since they
are the main cellular site involved in metabolic energy
conversion. Firstly, we measured mitochondrial respiratory
capacity in homogenates and isolated mitochondria. Mito-
chondrial respiratory capacity measured in the homogenate
and expressed per g wet liver reflects the product of
mitochondrial protein mass and specific activity of the
respiratory enzymes, while measurements made in isolated
mitochondria and expressed per mg of mitochondrial
protein only reflect enzyme specific activity. Therefore,
changes in enzyme activity will be detectable both in
homogenates and in isolated organelles, while changes in
mitochondrial mass will only be detectable in homogenates
measurements. As a consequence, results obtained in fruc-
tose-fed rats, showing increased respiratory capacity in
homogenates but not in isolated organelles, are indicative of
an increased whole-tissue respiratory capacity only due to
enhanced mitochondrial mass here found. Our present result
is in agreement with Nagai et al. [37], who found a signifi-
cant increase in the expression of the mitochondrial-enco-
ded gene ATPase-6 and in mtDNA copy number in livers
from rats fed a high-fructose diet. It can be hypothesised that
the increased hepatic mitochondrial mass support increased
ATP needs for de novo lipogenesis and gluconeogenesis. In
addition, increased mitochondrial mass implies increased
flux through pyruvate carboxylase and pyruvate dehydro-
genase (PDH), which generate substrates for gluconeogen-
esis and de novo lipogenesis, respectively. Accordingly, it
has been previously found a significant increase in whole-
tissue hepatic PDH in rats fed a high-fructose diet [38].
The efficiency of oxidative phosphorylation depends on
the degree of coupling between oxygen consumption and
ATP synthesis. The degree of coupling can vary according
to the metabolic needs of the cell and is regulated by the
amount of cellular unbound fatty acids that can act as
natural uncouplers of oxidative phosphorylation [39]. Our
present results indicate that the increased ATP needed for
biosynthetic pathways is obtained at a lower cost, since
hepatic mitochondria display increased degree of coupling
and are less responsive to the uncoupling effect of fatty
acids, also after taking into account a possible increase in
cellular fatty acid concentrations, dictated by higher
plasma NEFA here found. Higher coupling efficiency
implies lower fuel burning, which could partly explain the
higher body lipids found in fructose-fed rats. Another
unwanted consequence of the increased degree of coupling
is higher free radical production, and in fact, hepatic
mitochondria showed signs of oxidative damage, both in
the lipid and in the protein component, together with
decreased activity of SOD, one of the enzymatic compo-
nents of the antioxidant defence system. The increased
oxidative stress of hepatic mitochondria from fructose-fed
rats could also be one of the causes leading to the onset of
insulin resistance in this tissue [40]. Accordingly, the fla-
vonoid naringenin has been found to prevent oxidative
stress and reduce insulin resistance in the liver of fructose-
fed rats [41]. It should be noted that higher hepatic mito-
chondrial efficiency and oxidative damage have also been
found in rats fed high-fat diet [5], again indicating similar
effects of fructose-rich or high-fat diet.
In conclusion, liver mitochondrial compartment appears
to be highly affected by fructose feeding. Increased
mitochondrial efficiency allows liver cells to burn less
substrates to produce ATP for de novo lipogenesis,
gluconogenesis and other energy needs. In addition,
increased lipogenesis gives rise to whole body and ectopic
lipid deposition, and higher mitochondrial coupling causes
oxidative stress. The two harmful consequences could be at
the basis of the onset of non-alcoholic steatoheaptitis fre-
quently found associated with obesity induced not only by
high-fat but also by high-fructose diets [42, 43].
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